The cross section between a cc object and a nucleon is small if the object is in a color-singlet state, but very large and insensitive to its size if it is in a color-octet state. We use this property to estimate the fraction of cc coloroctet states formed after the initial hard-scattering processes by studying the effective J/ψ absorption in a nucleus. The experimental NA3 and E772 data of pA → ψX reveal the presence of anomalously large effective absorption of J/ψ at large x F , which indicates a large color-octet fraction in J/ψ production at large x F . PACS number(s): 13. 85-t, 25.75.-q, 13.90.+i Typeset using REVT E X 1
Recently, there has been much interest in the mechanism of heavy quarkonium production. Bodwin, Braaten, and Lepage have developed a factorization formalism that allows a systematic calculation of inclusive J/ψ cross sections [1] . The formalism takes into account the production of color-singlet and color-octet states before the formation of the quarkonium. The model has been applied to study many heavy quarkonium production processes [2] [3] [4] [5] [6] .
It has been pointed out that the production of color-octet states in the e + e − annihilation may dominate near the upper endpoint of the J/ψ energy spectrum, and that the production of these color-octet objects can be identified by a drastic change in the J/ψ angular distribution near the upper endpoint [7] . We would like to suggest here that the occurrence of the cc color-octet states can also be deduced from their anomalously large absorption when propagating in nuclear matter. This possibility arises in the following way:
High-energy hadron-hadron cross sections are known to be dominated by Pomeron exchange [8] . In the Two-Gluon Model of the Pomeron (TGMP) [9, 10] , the (color-octet cc)-nucleon
[(cc) 8 -N] cross sections are known to be significantly larger than the color-singlet (cc) 1 -N cross sections (by an order of magnitude) [11, 12] . This large difference allows us to deduce the color-octet fraction of the produced cc pair from the effective J/ψ absorption cross section in nuclei. Analysis of the NA3 [13] and E772 [14] data on the x F dependence of pA → ψX reveals the presence of anomalously large effective absorption cross sections for J/ψ production at large x F , which can be attributed to a large (cc) 8 fraction near the upper endpoint of the J/ψ spectrum, as in the analogous J/ψ production in the e + e − annihilation predicted by [7] .
The propagation of a cc in nuclear matter or other exotic matter has been the subject of intense study from another viewpoint. It has been suggested that in a quark-gluon plasma, the cc pair becomes unbound when the temperature exceeds a critical value and the production of cc bound states will then be suppressed [15] . Although J/ψ suppression has indeed been observed experimentally [16] , the characteristics of the suppression can also be explained by the breakup of the cc pair as it interacts with the nucleons and/or other produced soft particles [17] [18] [19] [20] [21] [22] [23] . In the following, we are interested in the difference in the effective absorption of cc in nuclear matter when the cc pair is in different color states.
In the quarkonium production model of Bodwin et al [1] , the factorization property of the production process implies that a cc pair is produced in both color-singlet and octet states in a hard-scattering process on a short time scale. An octet pair produced will eventually hadronize into a color-singlet state by color neutralization through the absorption or emission of soft gluons. This takes place over a much longer time scale of about 1 fm/c, typical of nonperturbative processes. In a pA reaction, the dynamics of the produced cc before the neutralization of its color is simplest to describe in the cc rest frame. In this frame, the longitudinal spacing between target nucleons is d/γ where d = 2 fm is the internucleon spacing in a nucleus at rest and γ is the relativistic energy/mass ratio of the moving target nucleons in this cc rest frame. Since the value of γ for target nucleons is large in high-energy pA collisions, d/γ << 1 fm/c. Therefore, collisions between the produced (cc) 8 and target nucleons, when they occur, will take place before its color is neutralized.
The high-energy (cc) 8 -N and (cc) 1 -N cross sections can be estimated by using the TGMP studied by Low, Nussinov and others [9] [10] [11] [24] [25] [26] [27] . In this model, the total cross section for color-singlet states can be expressed as S 1 − S 2 , where S n is the contribution in which the two exchanged gluons interact with n particles (here quarks) in the projectile. The contribution S 1 is independent of the meson size. It is larger than S 2 , which decreases with increasing meson size, except in the limit of a point meson where the distinction between these contributions disappears. Then S 2 = S 1 , and the singlet cross section vanishes. For small mesons, the cross section can be shown to be proportional to the mean-square radius of the meson [24] . For light mesons of large size, on the other hand, S 2 is much smaller than S 1 . This feature allows the model to reproduce the quark additivity property of high-energy cross sections expressed so appealingly by the Additive Quark Model [28] .
It has been pointed out by Dolejší and Hüfner [11] that the cross section is very different for (qq) 8 -N scattering because the contributions add together in the form of S 1 + S 2 /8. The result is then insensitive to the (qq) 8 size. It is also very large, typically of the order of 30-60 mb when a perturbative propagator is used for gluons with a nonzero effective mass.
Recently, this TGMP for both singlet and octet (qq) 8 -N scattering has been studied in detail by one of us [12] with a number of important refinements: (1) A nonperturbative gluon propagator (the Cornwall propagator) is used [29, 30] We must first determine the effective (cc)-N absorption cross section in nuclei. This is done by using the Glauber multiple-scattering model for the absorption of the produced cc pair as it traverses the nucleus [20, 21] . For completeness, we have used a complex (cc)-N scattering amplitude with α = Re/Im. The meson production cross section in a nuclear target is then
which is a generalization of the absorption model used in Ref. [20] . Here, ρ(b A , z A ) is normalized to ρ(b A , z A )db A dz A = 1. For numerical calculations, we use a real-to-imaginary ratio α = 0.19, the value in Eq. (4.5a) of Ref. [32] for p = 10 GeV. Note, however, that when α is so small, the extracted total cross section σ tot (cc − N) is quite insensitive to it. The effective (cc) − N absorption cross section σ abs (cc − N), which we take to be the reaction cross section, can be deduced from σ tot (cc − N ) and α.
The results for σ abs (cc − N) from the analysis of the NA3 and E772 data are shown To account for these large cross sections, Badier et al. [13] have to postulate the existence of a new mechanism of J/ψ production. We instead attribute these large cross sections to the production of (cc) 8 states and to the strong absorption of the (cc) 8 objects as they propagate in nuclear matter.
If we assume that the color-octet and color-singlet fraction of cc pairs produced after the hard-scattering processes are f 8 and (1 − f 8 ) respectively, then we can extract f 8 from the effective absorption cross section σ abs (cc − N ) inferred from the absorption of the produced cc through nuclear matter. Because the cc-N collision takes place at high energies, a cc-N collision will cause the singlet or octet cc pair to be broken up, or absorbed. From [31] and [32] , we use the color-singlet absorption cross section σ abs ((cc) 1 − N) = 2.75 mb. From [11] and [12] , we take the color-octet absorption cross section σ abs ((cc) 8 − N) = 45 mb. The color-octet fraction f 8 is then
The extracted f 8 as a function of x F is shown in Fig. 2 . The actual numbers will change a little for a different choice of σ abs ((cc) 8 − N) and σ abs ((cc) 1 − N) [12] , but the qualitative behavior shown in this figure should remain the same.
We see that the octet fraction f 8 is small for small values of x F and becomes large for large x F , reaching about 0.4 at x F ∼ 0.6. This indicates that the color-singlet fraction still dominates the production process in the region of low x F , which is the region of greatest probability. However, the effective x F -averaged absorption cross section is much enhanced over the color-singlet value, even with a small octet fraction. This provides a simple explanation for the large effective x F -averaged absorption cross section of 5-7 mb which one finds in the conventional absorption models [17] [18] [19] [20] [21] .
The variation of the octet fraction as a function of x F extracted here will be useful to provide a constraint on the construction of J/ψ production models. To produce a J/ψ with a large x F , the projectile parton needs to have a large light-cone variable x. From the structure functions, the valence quark distribution decreases less rapidly than the gluon distribution as x approaches unity. Thus, in the region of large x F , the dominant mode of cc (or J/ψ) production in pp collisions is from theannihilation (see e.g. [33] ). The cc pair formed by the annihilation of a lightpair can only be in the color-octet state in the lowest-order process. Higher-order processes such as those involving the emission of hard gluons could change the color state, but they will also reduce its x F , thus preserving the octet dominance at large x F . On the other hand, at the central rapidity y = 0, which corresponds to x F = 0, the differential cross section dσ/dy can be described by a color-singlet model including the effect of bound-state wave functions in the hard-scattering processes [34] . Recent theoretical investigations of pp → ψX [4, 5] indicate that the singlet hard-scattering cross section for J/ψ production from gg collisions go as α production. One also needs to fold these cross sections with the parton structure functions.
One expects the singlet contributions to be dominant over most of the phase space region, except in some special kinematic regions such as the region of large x F mentioned above.
Having described one color-octet scenario, it is useful to discuss a variation of this coloroctet model. Kharzeev and Satz [23] have recently suggested that the difference between the singlet cross section σ tot ((cc) 1 − N) of about 3 mb, and the effective total cross section of 5-7 mb for J/ψ absorption in nuclei can be understood if a color-singlet (cc) 8 g hybrid meson is formed after the initial hard scattering and if this hybrid then traverses the nucleus unchanged before its (cc) 8 constituent eventually hadronizes with the gluon partner.
The total cross section σ tot ((cc
constituent is treated as a point particle, and if the average (cc) 8 -g separation is the same as that between the quark and the antiquark in (cc) 1 . In this model, there are no singlet (cc) 1 contributions from the hard-scattering processes to J/ψ production, but the theoretical results of [34] suggests that singlet contributions dominate experimental data at x F = 0.
Moreover, to describe the large absorption at large x F using this hybrid model, the rms separation between the (cc) 8 and g needs to be about 0.5±0.15 fm [12] . Because the hybrid collides with target nucleons at a time t much shorter than 0.5 fm/c (in its rest frame), there is the question whether there is sufficient time for the cc to form such a large hybrid state. Further studies will be needed to clarify the relative importance of singlet and octet contributions and to discriminate between different models of J/ψ absorption.
In conclusion, the production of (cc) 8 pairs should be accompanied by an anomalously large effective J/ψ absorption in nuclear matter due to the large (cc) 8 -N total cross section.
The NA3 and E772 data seem to support the idea that the color-octet production dominates near the upper endpoint of J/ψ production and that the color-singlet production is still predominant for small values of x F . 
